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INTRODUCTION : 

Gaseous oxygen oxidat ion of an a l k a l i n e  s l u r r y  of bituminous coa l  y i e l d s  a mixture of 
water soluble  aromatic polycarboxylic a c i d s  (1). These c o a l  ac ids  have been shown t o  have 
three pr inc ip le  aromatic r i n g  systems, namely benzene, naphthalene and diphenyl (2). The 
mixture i s  s t rongly  ac id ic  and has  an  average f u n c t i o n a l i t y  of approximately three .  

The c o a l  ac ids  a f ford  an i n t e r e s t i n g  and r e l a t i v e l y  inexpensive r a w  material. One 
The large s p e c i f i c  use of t h e s e  ac ids  is i n  the  prepara t ion  of thermoset t ing r e s i n s .  

markets f o r  r e s i n s  of t h i s  type provided an i n t e r e s t i n g  f i e l d  of inves t iga t ion  and e f f o r t s  
t o  develop these r e s i n s  are out l ined  i n  t h i s  paper. 

Coal ac ids  can be reacted w i t h  an  alkanolamine, a lkylene oxide, polyhydroxy1 compound 
Variat ion of reac tan ts ,  t h e  equivalents  used or  polyamine t o  g ive  thermosetting resins. 

or  the  reac t ion  condi t ions allows a wide spectrum of r e s i n s  with varying proper t ies .  The 
polyamide, po lyes te r  or combination of f u n c t i o n a l  groups poss ib le  i n  these  r e s i n s  are 
shown i n  examples 1-5. In  examples 1, 2 o r  J an equivalent  of hydroxyl o r  amine reac tan t  

(1) R(COOH)3 + HN(CH2CHzOH)z _3 R(COOCH2-)2 (CONCH2-) 

(2 )  R(COOH)3  + HCCHzCH20Hw R(COOCHz-)s 

( 5 )  R(COOH)3 + HzN(CHz)nNH2- R(CONCHz-)3 

(4) 1 eq. R(COOH), t 1 mole NH(CH2CH20H)2+R CON(CHzCH20H)z [ I 3  
( 5 )  R(C0OH)z  + CH2CH20 _j R(COOH)(COOCHzCH2OH) 

is used f o r  each carboxylic acid equiva len t ,  while i n  example 4 one mole of diethanol-  
aaine.is used per  equivalent  of a c i d  group. 
groups which could then be crossl inked.  Use of a l a r g e  excess of a g lycol  reac tan t  with 
t h e  coa l  ac ids  a l s o  y ie lds  a r e s i n  with f r e e  hydroxyl groups. The preparat ion of a 
p a r t i a l l y  reacted e s t e r  w i t h  f r e e  carboxyl ic  ac id  and hydroxyl groups i s  shorn i n  
example 5. 
when cured at e l e v a t e d  temperatures. 

The latter r e s i n  w i l l  have f r e e  hydroxyl 

The r e s u l t a n t  water so luble  r e s i n  intermediate  gives  a crossl inked s t r u c t u r e  

A. Preparat ion and Chemistry of  t h e  Resins 

Alkanolamine, Polyhydroxy1 and Polyamine Resins 

The mixture of aromatic polycarboxylic acids  (coa l  a c i d s )  obtained from the  
Coal Research Laboratory of t h e  Carnegie I n s t i t u t e  of Technology i n  Pi t tsburgh was 
used i n  the  preparat ion of some of t h e  r e s i n s .  
weights a r e  270 and 82 respec t ive ly  giving an average carboxylic a c i d  func t iona l i ty  
of 5.3. 
Chemical Company. These c o a l  ac ids  were shown by equivalent  and molecular weight 
determinations t o  be s imi la r  t o  t h e  mater ia l  obtained from t h e  Carnegie I n s t i t u t e  
of Technology. 

t h e  coa l  ac ids  and o ther  r e a c t a n t  i n  water may be appl ied d i r e c t l y  t o  t h e  subs t ra te  
t o  be bonded. 

The average molecular and equivalent  

Many of the  l a t e r  r e s i n s  w e r e  prepared from coal  ac ids  made a t  t h e  Dow 

A novel and usefu l  f e a t u r e  of these  r e s i n s  i s  t h a t  a mere phys ica l  mixture of 

This method of a p p l i c a t i o n  el iminates  the hazard and expense of 



, 
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organic so lvents  i n  commercial app l i ca t ions .  The r e s i n  adduct i n  a concentration 
range of 50-8@ s o l i d s  gives a water so lu t ion  of workable Viscosity and good f i l m  
forming proper t ies .  

A p a r t i a l l y  cured bu t  s t i l l  water so luble  c o a l  a c i d  resin was prepared from 
t h e  coa l  ac ids  and monoethanolamine by hea t ing  equiva len t  amounts of t h e  r eac t an t s  
a t  170°C. f o r  2 hours. 
d i s t i l l e d  off giving on cooling a water soluble s o l i d .  T i t r a t i o n  of t h i s  material 
revealed t h e  presence of nearly a l l  t he  o r i g i n a l  amine salt  groups. 
or tr ialkanolamine however y ie lds  water inso luble  products because of excessive 
c ross l ink ing  of t he  hydroxyl group. 

Approximately 8% of t h e  water of e s t e r i f i c a t i o n  slowly 

Use of  a d i  

Another p a r t i a l l y  cured, but s t i l l  water so luble  r e s i n  can be prepared from 
t he  coa l  ac ids  and pen tae ry th r i to l .  A suspension of an equivalent of pen tae ry th r i to l  
i n  a 70% s o l i d s  so lu t ion  of one equivalent of c o a l  a c i d s  i n  water was s t i r r e d  and 
heated a t  r e f lux  f o r  5 hours. The r e s u l t a n t  so lu t ion  on  t i t r a t i o n  showed 27$ e s t e r i -  
f i c a t i o n  of the  pen tae ry th r i to l ,  while a f t e r  24 hours o f  r e f lux  the  e s t e r i f i c a t i o n  
approaches an equilibrium value of 4@. The p a r t i a l l y  advanced r e s i n  is a viscous 
so lu t ion  which does not exh ib i t  any p r e c i p i t a t i o n  on s tanding  f o r  prolonged periods.  

Alkylene Oxide Derived Resins 

Ethylene,propylene and butylene oxide have been reac ted  wi th  the  coa l  ac ids  
i n  a dioxane media t o  produce p a r t i a l l y  reac ted  esters conta in ing  carboxylic ac id  
and hydroxyl groups. These products,which a r e  water so luble  i n  concenzrated 
so lu t ions ,can  be cured t o  give a thermosetting r e s i n .  The r e s i n  of primary 
i n t e r e s t  involves the reac t ion  of one mole of e thylene  oxide with t w o  equiva len ts  
of coa l  ac ids  as shown i n  example 5 -  

The alkylene oxide add i t ion  is  genera l ly  allowed t o  proceed u n t i l  one h a l f  of 
t he  carboxylic ac id  groups have reac ted  g iv ing  a r e s i n  in te rmedia te  which on f i n a l  
cure has no r eac t ive  groups. 
r a t i o  may give a thermoplastic r e s i n  on f i n a l  cure .  

Wide devia t ion  from the  50-50 ac id  hydroxyl group 

Ethylene oxide adducts with equivalent weights i n  t h e  range of 162 t o  528 
have been prepared as  have propylene oxide adducts with equiva len t  weights of 170- 
440. Reaction with butylene oxide is  slower and requi red  the  addi t ion  of a s m a l l  
amount of s u l f u r i c  ac id  and add i t iona l  hea t ing  a t  60"c.  t o  g ive  an adduct w i t h  an 
equivalent weight of 225. 

Res in~compa t ib i l i t y  with Phenol - Formaldehyde Resins 

Preliminary work has shown t h a t  various c o a l  ac id  r e s i n  adducts a r e  compatible 
with the  "A or B stage" water borne phenol - formaldehyde r e s ins .  
s a l t  charac te r  of t he  alkanolamine or polyamine - c o a l  a c i d  r e s i n s  l i m i t  t h e i r  
compat ib i l i ty  with a lcohol  borne phenol - formaldehyde r e s i n s .  

Kowever t h e  amine 

Laboratory inves t iga t ion  has ind ica ted  t h a t  an a c t u a l  r eac t ion  can OCCUI' between 
t h e  coa l  ac ids  and the  phenol - formaldehyde r e s i n .  

Various moun t s  of c o a l  ac ids  were mixed with both nA" and "B" s tage  phenol - 
formaldehyde r e s i n s  and the mixzures cured. 
t i t r a t e d  i n  order t o  determine the amounts of t h e  c o a l  a c i d s  that had been incor -  
porated i n t o  the  cured r e s i n  s t ruc tu re .  
could combine with approximately 45$ of i t s  weight of c o a l  ac ids  bu t  t h e  "B stage" 
r e s i n  only 7$ of i t s  weight. This can be explained by the f a c t  t h a t  t he  "A stage" 
r e s i n  conta ins  a much l a r g e r  proportion of free methylol groups than does t h e  "B 
stage" r e s in .  

The cured r e s i n  mixtures were then  

It w a s  found t h a t  t h e  "A stage" resin 
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B. Reaction Rate Studies 

Reaction r a t e  s tud ies  of t h e  alkanolamine - Coal ac id  r e s i n  adducts have 
afforded in fomat ion  concerning t h e  r e l a t i v e  r a t e s  of e s t e r  formation as compared 
with amide - imide formation. The usua l  methods f o r  k i n e t i c  s tud ies  a r e  use less  
i n  t h i s  case  because of t h e  h ighly  c ross l inked  and inso luble  na ture  of t h e  coa l  
ac id  r e s i n s .  The most s a t i s f a c t o r y  so lu t ion  t o  the  problem was t o  cure weighed 
samples of t he  r e s in  adduct on squares of aluminum f o i l  vhich were f loa t ed  on t h e  
surface o f  a Wood's metal ba th  con t ro l l ed  a t  a f ixed  temperature. The r e s i n  
samples were prepared f r o m  a mixture of 1:l equivalent of alkanolamine - coal  ac ids  
containing 1.6 water. The sample a f t e r  cure was d iges ted  i n  a methanol - water 
so lu t ion  and t i t r a t e d  with LN sodium hydroxide. A p lo t  of pH v s .  mi l l iequiva len ts  
of a l k a l i  revealed two po in t s  of i n f l e c t i o n s ,  one occurring a t  approximately pH7 
and ind ica t ing  f r e e  carboxylic a c i d  group and t h e  second i n f l e c t i o n  po in t  a t  pH 
9.5-10.5 which corresponded t o  t h e  amine sa l t  component. 

Samples were run f o r  var ious  t i m e  i n t e r v a l s  and t h e  mi l l iequiva len ts  of un- 
reac ted  carboxylic ac id  groups and/or amine s a l t  groups p lo t t ed  vs. t he  cure t i m e  
i n  minutes. The semilogarithmic p l o t  approximated a s t r a i g h t  l i n e  suggesting a 
f i r s t  o rder  reaction. This behavior i s  reasonable,  s ince  both reac tan ts  a r e  
combined i n t o  one molecular spec ies  by means of the  amine salt  formation. 

A t y p i c a l  p l o t  of an alkanolamine - c o a l  ac ids  r eac t ion  is shown i n  Figure 1. 
I n  t h i s  case  samples of a 1:l equiva len ts  formulation of t he  diethanolamine - coa l  
a c i d  r e s i n  were cured a t  2 6 5 " ~ .  
f r e e  carboxylic acid and amine salt groups, l i n e  B t h e  e s t e r i f i c a t i o n  rate while 
l i n e  C i s  t h e  r a t e  of  formation of the  amide o r  imide. The reac t ion  r a t e  constants 
and ha l f  l i v e s  of the mono, d i  and triethanolamine - c o a l  ac id  r e s i n  r eac t ions  are 
shown i n  Table I .  The slower r a t e s  exhib i ted  by t h e  d i  and triethanolamine resins 
are probably due t o  s t e r i c  hinderance.  
r e a c t i o n  r a t e  increase.  

Line A shows the disappearance of the  combined 

U s e  of a n  a c i d i c  c a t a l y s t  gave t h e  expected 

Cure r a t e s  of t he  diethanolamine - c o a l  ac id  r e s i n  were determined f o r  temper- 
a tu re s  i n  t h e  range of 240-:00"C. t o  give t h e  Arrhenius p l o t  shown i n  Figure 2. 
The slope of the  p lo t  i s  only s l i g h t  i n  t h i s  temperature range while determinations 
a t  150 and 210°C. gave r a t e  cons tan ts  far below t h i s  range. 
cons tan ts  may be p a r t i a l l y  due t o  a lower hea t ing  e f f i c i ency  of t he  experimental 
s e tup  a t  these  temperatures or perhaps ind ica t e  a r eac t ion  rate threshold e f f e c t .  

These lower r a t e  

Preliminary work has shown t h a t  r eac t ion  rates of t h e  coa l  acid - g l  
can a l s o  be  determined provided a lower temperature,  e.g.  150°C., i s  used 
t o  reduce t h e  evaporation lo s ses  of the  g lycol .  
of the  square of  the carboxylic a c i d  concentration vs.  time as obtained v izk  3. c o a l  
a c i d  - die thylene  g lycol  r e s i n  system. 
concentration, the  r e s u l t a n t  s t r a i g h t  l i n e  p l o t  i nd ica t e s  a t h i r d  order r eac t i32 .  
This  i s  i n  accord with t h e  mechanism of an  ac id  catalyzed e s t e r i f i c a t i o n .  
ca ta lyz ing  ac id  i n  t h i s  r eac t ion  i s  the  c o a l  ac ids  because of t he  strong ac id i c  
na ture .  

F igure  : i s  a p lo t  of t he  re - iproca l  

Since t h e  r e a c t a n t s  have the  same i n i c i a l  

The 

A rate study of t h e  c o a l  a c i d  - pen tae ry th r i to l  r e s i n  adduct has proven in- 

The r eac t an t s  were heated i n  water t o  g ive  a p a r t i a l l y  e s t e r i f i e d  

U s e  of t h e  t i t r a t i o n  procedure gave a 

t e r e s t i n g  s ince  the  results i n d i c a t e  a f i r s t  order r eac t ion  similar t o  the  a lkans l -  
amine resins. 
r e s i n  which on t i t r a t i o n  showed 1% advancement. 
t hen  cured i n  the  normal manner at 230'C. 
p l o t  shown i n  Figure 4. 
a l a r g e  por t ion  of the  p a r t i a l l y  cured r e s i n  adduct i s  i n  the  form of a molecular 
spec ies  having both a c i d  and hydroxyl groups. 
would be  pr imar i ly  an in t ramolecular  polycondensation and first order. 

Samples of the 7% so lu t ion  were 

A f i r s t  order r eac t ion  i s  reasonable i f  one considers t h a t  

Thus the  r e a c t i o n  i n  t h i s  study 
Calcula t ion  



of t h e  f i r s t  order reac t ion  rate conszant f o r  t h i s  r eac t ion  gives a value O f  0.175 
minutes-' and a half l i f e  of 5.95 minutes respec t ive ly .  

Saponi f ica t ion  of Coal Acid Resins 

A b r i e f  look a t  the  saponi f ica t ion  razes  of some of  t h e  coa l  ac id  polyes te rs  
may be of i n t e r e s t  a t  t h i s  po in t .  
ground t o  l e s s  than 250 mesh was suspended i n  N/10 sodium hydroxide. 
was s t i r r e d  a t  room temperature and por t ions  removed a t  i n t e r v a l s  f o r  t i t r a t i o n .  
The saponi f ica t ion  r a t e s  of the  diethanolamine, ethylene g lycol  and pen tae ry th r i to l  
r e s ins  of t he  coal ac ids  a re  shown i n  Figure 5 .  The 1ower.saponification rates of 
t h e  diethanolamine and pen tae ry th r i to l  r e s i n s  can be explained by s t e r i c  hinderance. 
Saponi f ica t ion  of t'ne pen tae ry th r i to l  r e s i n  by seve ra l  d i f f e r e n t  concentrations of 
sodium hydroxide shows t h a t  the  r a t e  and ex ten t  of degradation i s  propor t iona l  t o  
the a l k a l i  coccent ra t ion .  

The completely cured r e s i n  (225'C. f o r  2 hours) 
The suspension 

C .  Physical  Proper t ies  of Coal Acid Resins 

1. 

2 .  

Physical S t rength  

Sand b r ique t t e s  were used as the  t e s t  media i n  determining the  phys ica l  
s t r eng th  of t he  coa l  ac id  r e s i n s .  The one inch th i ck  sand b r ique t t e s  were of  
t h e  f i g u r e  e i g h t  shape and i d e n t i c a l  t o  the  form adopted by t h e  A.S.T.M. f o r  
eva lua t ion  of foundry molding sands. Table I1 l i s t s  the  t e n s i l e  s t r eng ths  
of the various r e s i n  bonded sand b r ique t t e s .  A l l  t h e  r e s ins  were phys ica l  
mixtures of one equivalent coa l  ac ids  and one equiva len t  reac tan t  i n  water 
unless otherwise s t a t ed .  

The r e s ins  i n  order of decreas ing  s t r eng th  a re  t h e  ethylene oxide adduct,  
pen tae ry th r i zo i ,  g lycol  ana alkanolamine adducts.  The alkanolamine type r e s i n s  
can b e  considerably overcured without idpar ing  t h e i r  s t rength ,  while a g lyco l  
r e s i n  bonded b r ique t t e  overcured f o r  j minutes a t  2 6 0 " ~ .  su f f e r s  a s t r eng th  
loss  of some 204b. 

Heat S t a b i l i t y  of Cured C o a l  Acid Resins 

Inves t iga t ion  of t h e  coa l  a c i d  r e s i n s  as a g lass  f i b e r  binder prompted 
a study of the  r e s i n ' s  hea t  s t a b i l i t y .  Br i e f ly ,  the  method of t e s t  cons is ted  
of suspending a powdered sample of t he  cured r e s i n  i n  a w i r e  screen holder 
placed i n  a v e r t i c a l  furnace.  A thermocouple placed i n  the  sample continuously 
measured the  temperature of the  sample as t h e  furnace temperature w a s  g radual ly  
increased and the  r e s i n  s t a r t e d  t o  burn. The slope of t he  combustion temper- 
a t u r e  curve between 700 and 1100°F. was used t o  express the  r a t e  of r e s i n  
combust ib i l i ty .  The rec iproca l  slope (A temp./& time) was used i n  order  t o  
obta in  numbers g rea t e r  than one. 
t h e  conditions used the  r e s i n  sample temperature w i l l  no t  exceed 700°F. 
Therefore,  the  temperature l i n e  between 700 and llOO°F. would be due t~? 
t h e  r e s i n  heat of combustion. 

I f  no r e s i n  combustion takes  place under 

A second hea t  s t a b i l i t y  tes t  appl ied  t o  our r e s i n s  determined the 
c r i t i c a l  temperature a t  which t h e  r e s i n  would completely burn without added 
hea t .  The o v e r a l l  heat s t a b i l i t y  of t he  p a r t i c u l a r  r e s i n  w a s  shown by com- 
b in ing  t h e  slope f a c t o r  and c r i t i c a l  cemperature i n t o  t h e  expression 
a t e m p . / a  t i m e  . Some of our combust ib i l i ty  da t a  from t h i s  slope method 

c r i t i c a l  temp. 
are given i n  Table 111. 



-u- 
The r e s ins  i n  order of decreasing hea t  s t a b i l i t y  are diethylene- 

tr iamine, diethanolamine, e thylene  g lycol  adduct and phenol-formaldehyde 
r e s i n s .  The hea t  s t a b i l i t y  of t he  coa l  ac id  - polyamine r e s i n  i s  s imi l a r  
t o  some melamine type r e s i n s .  

CONCLUSIONS : 

The c o a l  ac ids  undergo polycondensation reac t ions  with alkanolamines, poly- 
hydroxyl o r  polyamine r eac t an t s  t o  give thermosetting r e s i n s .  
r eac t an t s ,  r eac t an t  r a t i o s  and r e a c t i o n  conditions allows t h e  prepara t ion  of a large 
number of r e s i n s  with varying p rope r t i e s .  
of t h e  r eac t an t s  i n  water o r  a p a r t i a l l y  reacted r e s i n  which i s  s t i l l  water so luble .  

Proper choice of 

The r e s i n  adducts may be siffiple mixtures 

The cure process of t h e  various r e s i n s  can be followed by t i t r a t i o n  of t h e  s t i l l  
unreacted carboxylic acid o r  amine salt groups. Thus a method i s  ava i l ab le  f o r  the 
evaluation of various r eac t an t s  and conditions i n  the  prepara t ion  of t h e  coa l  a c i d  
r e s i n s .  

Phys ica l  p roper t ies  of these r e s i n s  t h a t  have been s tudied  include t h e i r  s t r eng th  
and hea t  s t a b i l i t y .  The r e s ins  i n  order of decreasing s t r eng th  are the  ethylene oxide 
adduct, pen tae ry th r i to l ,  g lycol  and alkanolamine - c o a l  ac id  r e s ins .  Many of t h e  coa l  
ac id  r e s i n s  have physical s t r eng ths  s u f f i c i e n t  t o  allow t h e i r  use as r e s i n  b inders .  
The hea t  s t a b i l i t y  of s eve ra l  coa l  ac id  r e s i n s  have been found t o  be super ior  t o  a 
t y p i c a l  "A stage" phenol - formaldehyde r e s i n .  
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TABLE I 
CURE RATES OF ETHANOLAMINE - COAL ACID RESINS AT 265"~. 

- .  Total Ester Amide/Imide 
k min-l tl/2 min. k min-l. tl/2 min. k min-l t1/2 min. 

Monoethanolamine 1.22 0.57 1.67 0.42 0.82 0.85 
Diethanolamine 0.68 1.02 0.73 0.95 0.62 1.12 

Diethanolamine 0.87 0.80 0.96 0.72 0.72 0.98 
Triethanolamine 0.41 1.68 0.46 1.50 0.28 2.44 

With poly H304 

TABLE I1 

TENSILE STRENGTHS OF COAL ACID RESIN BONDED SAND BRIQUETTES 

Reactant 
( @  green solids1 
Monoethanolamine 
Diethanolamine 
Triethanolamine 
Ethylene glycol (1) 
Diethylene glycol 
Propylene glycol 
Dipropylene glycol 
Triethylene glycol 
Ethylene oxide (2) ( 3 )  
Pentaerythritol (4) 

Cure 
Conditions 
15 min./260"C. 

I 

10 min ./260°c. 
22 min./26O0C. 
18 min. /26o0c. 
40 min. /225'C. 
45 min./250~~. 

Tensile 
Strength, psi. 

128 psi. 
4 58 
502 
562 
690 
464 
494 
580 
850 
758 

Footnotes: (1) 5.5$ resin solids 
(2) Coal acid - ethylene oxide adduct at approximately 
( 3 )  Thermoplastic after 50 min. cure 
(4) Resin composed of 1 eq. coal acid and 0.9 eq. of 

5@ reaction. 

pentaerythritol and reacted to 1 6  esterification. 

TABU I11 

COMBUSTIBILITY RATES OF CURED RESINS 

x 10-7 min-1 Resin or Coal Acid Reactant Temp. Critical Slo e 
Time (OF. min-l) Temp. OF. Critic% Temp. 

"B stage" phenol-formaldehyde 200 
5@ Diethanolamine 80 

Diethanolamine 55.5 
Diethylene -triamine 16-20 
Ethylene glycol 1-50 

5@ "B stage" phenol-formaldehyde 

400'F. 500 
680'~. 117 

700°F. 95 
690"~. 23 
625'~. 240 
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